Abstract Ductal carcinoma in situ (DCIS) represents the earliest identifiable breast cancer lesion. Disruption of the myoepithelial cell layer and basement membrane is a prerequisite for DCIS to initiate invasion into the stroma.
Introduction
Human ductal carcinoma in situ (DCIS) is the earliest identifiable breast cancer lesion, in which tumor cells are confined to the duct and surrounded by a layer of myoepithelial (ME) cells and the basement membrane, with no evidence of invasion into the surrounding stroma [1] . While approximately half of DCIS cases may eventually progress to an invasive cancer [2] , many are likely to remain non-threatening lesions, which complicates determination of the best treatment regimen for breast cancer patients. In human breast ducts, the ME cell layer and basement membrane form a physical barrier between the stroma and the luminal epithelium that serve to isolate in situ breast tumors. The ME cells themselves are joined by intercellular junctions and adhesion molecules, forming a continuous layer that encircles the entire duct system, and a discontinuous layer or a basket-like structure that covers a vast majority of lobules and terminal duct-lobular units [3] [4] [5] . The basement membrane is composed of laminins, type IV collagen, entactin, heparan sulfate proteoglycans, and glycosaminoglycans, forming a continuous lining surrounding and attaching to ME cells via hemidesmosomes and focal adhesion complexes [3] [4] [5] . These structural features confer two essential functions upon the ME cells and the basement membrane. First, as the epithelium is normally devoid of lymph and blood vessels, and is therefore dependent upon the stroma for its metabolic and survival needs, the ME cells and basement membrane function as gate-keepers, directly regulating the communication between these two compartments. Second, due to the physical interposition of the ME cell layer and basement membrane between the stroma and epithelium, ductal tumor cells must first break their way through the ME cell layer, then the basement membrane, to reach the stroma and initiate invasion and subsequent metastases [6] .
Estrogens play a major role in both the development of sexual glands and in the reproductive cycle [7] , and the biological effects of estrogen are mediated through the estrogen receptor (ER). ERa, cloned in 1986 [8, 9] , was believed to be the sole form of this receptor until 1996, when a second ER, called ERb, was also cloned [10, 11] . The exact roles of ERa and ERb in breast cancer are not fully understood, though it has been reported that estrogens are involved in the promotion of human breast cancer, possibly by way of their mitogenic activity [12] .
Immunohistochemical staining for ERb in normal human breast tissues, DCIS, invasive cancers, and lymph node metastases has revealed a gradual reduction in ERb expression during the transition from normal tissue to preinvasive lesions to invasive cancers, and ERb was lost in 21% of the invasive cancers studied [13] . Another study utilizing similar techniques revealed that the percentage of cells positive for ERb was high in normal mammary glands and in non-proliferative benign breast disease, but the percentage of positive cells was decreased significantly in proliferative benign breast disease and in carcinoma in situ [14] . These results are in agreement with results obtained when analyzing mRNA levels of ERb in normal mammary, benign breast disease, breast cancer, and metastatic breast cancer in lymph nodes [15] , where it was shown that ERb mRNA expression was significantly decreased in breast cancer and lymph node metastatic tissues when compared with normal mammary and benign breast disease tissues. All of these results suggest that ERb exerts a protective effect against the mitogenic activity of estrogens mediated by ERa, and may function as a tumor suppressor, as the loss of ERb expression seems to correlate with the progression of breast carcinomas.
To identify potential precursors of invasive lesions, we have carried out studies focusing on the correlation between the structural integrity in ME cell layers and the immunohistochemical and genetic profiles in adjacent epithelial cells. In 5,698 duct cross-sections from 220 patients with ERa (?), non-invasive breast tumors, we detected a total of 405 focal ME cell layer disruptions, defined as the absence of ME cells resulting in a gap equal to or greater than the combined size of 3 ME or epithelial cells [16] . Of these focal disruptions, 350 (86.4%) were overlaid by epithelial cell clusters with no or substantially reduced ERa expression, in contrast to adjacent cells within the same duct, which expressed high levels of ERa and overlaid an intact ME cell layer [16] . Additional studies revealed that cell clusters overlying focally disrupted ME layers generally showed a substantially higher proliferation rate when compared to adjacent cells within the same duct, as assessed by immunohistochemical staining for Ki-67 [17, 18] . These features potentially signal the formation of a biologically more aggressive cell clone, with a protein expression profile that has yet to be fully examined, while focal breakdowns in the ME cell layer are likely to serve as portals for tumor progression and early invasion.
To identify new breast cancer biomarkers, the protein profiles of nipple aspirate fluids [19] , or the serum of breast cancer patients [20] , have been compared to that of healthy donors. Identifying biomarkers by these less invasive methods is of great importance, but questions remain as to what early differences in protein profiles of these samples might manifest to detectable levels, as the low abundance of proteins secreted in the serum and other biological fluids as a result of the disease is often masked by the high abundance of albumin and other highly abundant proteins [21] . The protein profiles of breast cancer cell lines have also been compared to the profiles of normal breast cell lines [22] . While tumor-derived cell lines can be useful for initial studies [23] , each line might display a unique evolution that may not truly mimic real in vivo conditions. A proteomics study performed on prostate cells shows the discrepancies between microdissected prostate tissues and in vitro prostate lines [24] . Comparisons have also been made between microdissected breast tissues composed of either normal ductal epithelium or ductal epithelium containing DCIS lesions [25] . However, the samples collected for this study, composed of 50,000-100,000 cells, were unlikely to be have been homogeneous, and were likely composed of multiple cell types with divergent expression profiles.
Many diseases manifest themselves through severe changes in human pathophysiology, which forms the basis for clinical chemistry and provides its value in diagnoses and subsequent therapeutic interventions [26] . Proteomics includes the global analysis of proteins expressed by the genome of an organism, an organ, a tissue, or a group of cells with the typical aim being the evaluation of quantitative changes that occur as a function of disease, treatment, or environment [27] . Proteomics strategies are used to identify cancer-specific protein markers that could provide the basis for the development of new diagnostic methodologies, early disease detection, and monitoring the efficacy of treatments [27, 28] . Marker detection and correlation with tumor growth is less obstinate for advanced tumors, but the true value of these developing applications lies in early tumor detection and the prompt identification of invasive phenotypes [26] .
To identify candidate markers specific to the initiation of invasion by DCIS cells, we here identify proteins that are differentially expressed by the ERa (-) cell clusters overlying focally disrupted ME cell layer when compared to adjacent ERa (?) cells overlying non-disrupted ME cell layer within the same duct (Fig. 1) . Proteins extracted from ERa (?) and ERa (-) tissue samples were subjected to two-dimensional gel electrophoresis (2-DE) followed by MALDI-TOF-MS analysis of trypsin-digested spots. Differentially-expressed proteins that were identified by this method were investigated in ERa (?) and ERa (-) tissues microdissected from the ducts of the same patients ( Fig. 1 ) using Western blot. We report the differential expression of proteins of ERa (-) cells overlying a focally disrupted ME layer compared to adjacent ERa (?) cells bound by an intact ME layer.
Materials and methods
Research involving human subjects was performed in accordance with the principles outlined in the declaration of Helsinki (1964) . All the research projects involved in using human tissues and cells were approved by the Institutional Human Subject Review Board or Committees. Freshly-frozen DCIS breast tissue microdissected samples and corresponding slide-mounted, serial-sectioned paraffin- Tissue microdissection and protein extraction Serial sections of 5 to 7 lm thickness were cut and placed on positively-charged microscopic slides and rehydrated by ethanol gradient. Sections were immunohistochemically stained for ERa and different proliferation markers. Nonspecific antibody binding was blocked with blocking buffer (0.2% Triton X-100, 5% normal goat serum, and 3% bovine serum albumin in Tris-buffered saline) for 1 h at room temperature prior to overnight incubation at 4°C with a monoclonal mouse anti-human ERa antibody (NCL-ER-6F11, Vector, Burlingame, CA) diluted into the same buffer (10 lg/mL). Samples were then incubated with an alkaline phosphatase-conjugated secondary antibody diluted 1:5000 in blocking buffer for 4 h at room temperature, and positive signals were detected using Fast-Red (Sigma). Clusters of cells overlying myoepithelial disruptions, composed primarily of ERa (-) cells, were excised by laser-capture microdissection from adjacent, unstained serial sections. Clusters of ERa (?) cells from the same duct, but bound by an intact ME layer, were similarly obtained. Microdissected tissues were then homogenized in a tissue lysis buffer composed of 10 mM Tris, 130 mM NaCl, 1% octylglucopyranoside (OG), 1% CHAPS, 10 mM sodium phosphate, and 10 mM sodium fluoride (pH 7.5). The ratio of the volume of tissue lysis buffer added to the weight of the tissue was 1/1 (v/v). This was followed by vortexing for 10 min and then by centrifugation at 17000 9 g for 20 min. This resulted in the formation of 3 layers: The top layer was composed primarily of non-soluble lipids, the middle layer contained the soluble proteins, and the bottom layer was composed of cell debris. The middle layer was recovered and used for subsequent analyses.
Protein extraction from whole human breast tissue samples
ERa (?) and ERa (-) whole human breast tissue samples were minced using a scalpel, and proteins were extracted using the procedure outlined above.
Protein quantitation
Protein concentrations of the tissue lysates were determined using a bicinchoninic acid (BCA) Protein Assay Kit (Pierce, Rockford, IL) using bovine serum albumin (BSA) as a standard according to the manufacturer's instructions. The concentrations of proteins in the tissue lysates from the microdissected cells and the tissue samples were determined using the standard curve generated by the absorbance of the standards at 562 nm in the Y axis versus the known concentration of the standards in the X axis.
Two-dimensional gel electrophoresis
2-DE was performed as described previously [29] . Briefly, proteins were reconstituted in a rehydration buffer composed of 5 M urea, 2 M thiourea, 1% OG, 0.25% v/v Biolyte 3-10 ampholyte, 12.5% water-saturated isobutanol, 10% isopropanol, 5% glycerol, and 50 mM dithiothreitol (DTT). The samples were rehydrated at 50 V for 16 h at 20°C using 11 cm Immobilized pH Gradient (IPG) strips, pH 4 to 7 (Bio-Rad). Proteins were focused at 250 V for 15 min, and then 8000 V was maintained for a total of 60,000 Vh per gel. The strips were then equilibrated for 10 min in 2.5 mL of a solution composed of 375 mM TrisHCl pH 8.8, 6 M urea, 2% SDS, and 2% DTT. After this first equilibration, the strips were equilibrated for another 10 min in 2.5 mL of a second equilibration buffer composed of 375 mM Tris-HCl pH 8.8, 6 M urea, 2% SDS, and 2% iodoacetamide. The equilibrated IPG strips were washed with cathode buffer (0.1 M Tricine, 0.1 M TrisHCl pH 8.2, and 0.1% SDS) and placed onto a 10% TrisHCl polyacrylamide gel. The anode buffer consisted of 0.2 M Tris-HCl pH 8.9. Gels were electrophoresed at 50 V for 30 min, then at 100 mA/gel until the end of the separation. Gels were stained with SYPRO Ruby (Bio-Rad) according to the following procedure: Gels were fixed in 50% methanol (v/v) and 12% acetic acid (v/v) for 2 h, then incubated with SYPRO Ruby in the dark overnight. Gels were then washed with ddH 2 O for 3 h. Gels were scanned using Typhoon 9410 Scanning Systems (GE Healthcare). The excitation wavelength was 457 nm and the signals were detected at 610 nm. Spot detection and densitometry were performed using PDQuest 8.0 (Bio-Rad, Hercules, CA) and ImageJ (http://rsb.info.nih.gov/ij).
MALDI-TOF-MS
Proteins were identified utilizing Matrix-Assisted Laser Desorption-Ionization Time-of-Flight Mass Spectrometry (MALDI-TOF-MS) [30] [31] [32] [33] [34] as described previously [35] . Briefly, after four iterations of 2-DE for each sample, protein spots were excised under UV light, combined, and incubated with 0.5 lg/mL TPCK-treated trypsin. Peptides generated from the trypsin digestion were then mixed with a matrix (a-cyano-hydroxycinnamic acid) [36, 37] at a 100-1000-fold molar excess over the analyte [38] . This mixture was then spotted onto a target plate and allowed to evaporate until crystals were formed. The MALDI-TOF used for this analysis was a Kratos PC Axima CFR? (Shimadzu 
Microdissected tissues versus whole tissue samples
The low amount of proteins extracted from the ERa (?) and ERa (-) microdissected tissues did not allow for the identification of differentially-expressed proteins between these two cell clusters, and we therefore proceeded by analyzing differential protein expression from tissue samples composed exclusively of ERa (?) or ERa (-) invasive breast cancer cells as described in the pathology reports of these tissues and verified by Western blots. More than 1 mg of proteins was extracted from each tissue sample to allow for the protein identification using MALDI-TOF analysis on trypsin-digested spots. Western blotting was then performed to validate differential protein expression in 3 ERa (?) and ERa (-) pairs of tissue that were microdissected from the ducts of 3 patients.
Differential protein expression between microdissected ERa (?) and ERa (-) cells
Western Blotting was performed on lysates of the ERa (?) and ERa (-) tissues microdissected from the same duct of DCIS microinvasive cancer patients (Fig. 4) . The expression levels of Superoxide Dismutase, RalA binding protein, Galectin-1, UPase, CRABP1, S100-A11, and NDPK-A were lower in ERa (-) cell clusters than their ERa (?) counterparts. Rho GDP-Dissociation Inhibitor 1 (RhoGDIa) was the only protein upregulated in the ERa (-) cells (Table 2) . Superoxide dismutase plays a key anti-oxidant role in the cell by converting superoxide radicals to hydrogen peroxide and oxygen [39] . Its cellular role is to provide a defense against the potentially damaging activities of superoxide radicals; diminished superoxide dismutase enzyme activity leads to many of the observed properties in cancer cells such as damage to the mitochondrial and plasma membranes, modulating key enzyme activities by oxidizing sulfhydryl groups to disulfides, and causing DNA double-strand breakage and possibly mutation and genomic instability. Downregulation of this enzyme has been found in many cancers [40] . The superoxide dismutase protein expression level was 2.52 fold higher in ERa (?) than ERa (-) epithelial cells belonging to the same patient.
RalA protein is a Ras-related small GTPase. The Ral GTPase family of proteins plays a major role in intracellular membrane trafficking, as well as tumorigenesis, invasion, and metastasis [41, 42] . Because RalA binding protein interacts with RalA and binds directly to RalB [43] , which is associated with cancer metastasis [44] , and RalA binding protein activates the GTPase activity of Cdc42 and partially Rac1 [45] , both proteins are involved in cell migration [46] . Furthermore, given the role of RalA binding protein in cancer cell chemoresistance [47] , RalA binding protein may also be critical in tumor invasion and metastasis. RalA binding protein was found to be 4.5 times higher in ERa (?) than ERa (-).
RhoGDIa is a cellular protein that controls the cellular distribution and activity of RhoGTPases [48, 49] . RhoGDIa is elevated in breast cancer cell lines and breast tumor tissues [50] . RhoGDIa has also been reported to promote the resistance of cancer cells to drug-induced toxicity, thus playing an anti-apoptotic role [51] . RhoGDIa was the only protein that was identified as elevated in ERa (-) cells when compared to its ERa (?) cells.
Galectin-1 can induce apoptosis in breast cancer cells by blocking the cell cycle at the S/G2 transition [52] . It has been shown to be involved in cancer invasion and metastasis by regulating cell adhesion and migration [53] . Galectin-1 is thought to be synthesized by the carcinoma cells and secreted into the stroma. A recent study demonstrated increased expression of Galectin-1 in human breast cancer cells and cancer-associated stroma and hypothesized that Galectin-1 plays a major role in tumor-stroma interaction in breast cancer [54] . The Galectin-1 protein level was 4.27 times higher in ERa (?) when compared to the ERa (-) expression. Uridine phosphorylase (UPase) catalyzes the phosphorolysis of uridine to uracil. It is also involved in fluoropyrimidine metabolism, playing a role in the intracellular activation of 5-fluorouracil [55] .
UPase is elevated in various tumor tissues including breast cancer tissues. This elevation contributes to the therapeutic efficacy of fluoropyrimidines in cancer patients [56] , and it has been demonstrated that elevated levels of UPase are correlated with favorable prognoses in cancer [57] . UPase was 5.1 times higher in ERa (?) than in ERa (-).
Cellular retinoic acid binding proteins are thought to play a role in shuttling retinoic acid (RA) from the cytoplasm to the nucleus, therefore playing a role in cell growth and differentiation regulation in fetal and adult tissues [58] . CRABP1 regulates RA activity by increasing its degradation rate by enhancing the production of RA-metabolizing enzymes [59] . CRABP1 levels were 12.6 times higher in ERa (?) than in neighboring ERa (-) cells. S100-A11 is involved in tumorigenesis [60] , although it has been shown to be upregulated in some cancers [61] and downregulated in others [62] . S100-A11 levels in ERa (?) samples were 4.48 more than that in ERa (-) samples.
Nucleoside diphosphate kinase-A (NDPK-A or nm23-H1) is a metastasis suppressor gene identified in 1988 [63] . Restoration of NDPK-A expression reduces metastasis of breast cancer [64] . The NDPK-A protein level was 4.1 times higher in ERa (?) cells than in nearby ERa (-) counterparts.
The loss of ERa expression, signaling the early signs of breast cancer invasion, was accompanied by the downregulation of superoxide dismutase that plays an antioxidant role, galectin-1 known to induce apoptosis, uridine phosphorylase that contributes to drug efficacy, cellular retinoic acid-binding protein 1 that plays a role in cell growth and differentiation, S100-A11 involvement in Although the specific effects of the alteration of each of these identified proteins remains to be further investigated, their collective role may be to promote a malignant phenotype for ERa (-) cells, including a decreased ability to undergo programmed cell death and differentiate, an increased potential to damage DNA and generate genomic instability, a resistance to chemotherapy drugs, and ultimately to metastasize. Disruption of both the ME cell layer and the basement membrane is a prerequisite for tumorigenic DCIS cells to initiate invasion into the stroma. The majority of epithelial cells overlying focally-disrupted ME cell layers are ERa (-), while adjacent cells within the same duct confined by an intact ME cell layer express high levels of ERa. In this study, ERa (?) cells bound by an intact ME cell layer and ERa (-) cells overlying myoepithelial disruptions were microdissected from the same ducts of breast cancer patients, and proteomic analyses revealed great discrepancies in protein expression within the same breast cancer duct accompanied by non-expression of this hormonal receptor.
Conclusions
Our study shows that substantial alteration in protein expression was observed between clusters of adjacent ERa (?) and ERa (-) epithelial cells, although no estrogenregulated genes were identified among the proteins exhibiting increased expression in ERa (?) cells. We propose two hypotheses to be further tested in the future. The first is that an ERa (-) cell cluster in DCIS with microinvasion may represent a clone from a genetically-altered cancer stem cell, explaining why many of the differentiation makers are not expressed or are expressed at a much lower level than those of adjacent ERa (?) cells. Second, an ERa (-) cell cluster may arise from dedifferentiated proliferating ERa (?) cells. The most significant facts are that the microdissected ERa (-) cells are pathologically more aggressive, overlay a focally-disrupted myoepithelial layer, express 12.6 times less cellular retinoic acid-binding protein 1, a protein involved in cellular differentiation, and 4.1 times less metastasis suppressor nucleoside diphosphate kinase A or nm23-H1, and express fewer proteins than adjacent ERa (?) cells in DCIS with microinvasion. Further research is required to test these two hypotheses and find out which one is the predominate case in the evolution of human breast DCIS to invasive carcinoma.
